We propose quality assurance procedures of automatically constructed models for seismic response analysis. In these procedures, models of different fidelity are used, and the quality of a higher fidelity model is examined by comparing its response with a lower fidelity model. A key issue is the consistency of the models of different fidelity, and the meta-modeling theory is used to guarantee the consistency. As an illustrative example, models of different fidelity are automatically constructed for a bridge structure, and it is shown that the developed procedures are applicable to them. The quality of the automated solid element model that is of highest fidelity is examined.
INTRODUCTION
A way to better estimate the possible damage of a bridge structure caused by an earthquake is to improve the accuracy of seismic response analysis using a higher fidelity bridge structure model. With the progress of computers, large scale computation that is needed for the analysis of a high fidelity bridge structure model can be conducted 1) , 2) . Solid element model is considered as the high fidelity model for given structure in this study. In civil engineering, it is rare that solid element analysis is carried out even for a bridge structure with complicated configuration 3), 4) . While there are several reasons for such a rare use of solid element analysis for bridge structure, major reasons are; 1) difficulty of validation of solid element model which includes a huge number of degrees of freedom as compared to a structural element model, and 2) laboriousness of construction of solid CAD model.
The modeling of solid CAD model is laborious, when the number of structures and structural components being analyzed is huge. The development of automated model construction, i.e., conversion of digital data available for a target structure to an analysis model which is directly input to a suitable seismic response analysis method, is thus required 5) . In this 2 study, a prototype of an automated model construction module is used to construct a set of different fidelity models for a target bridge structure.
According to a typical validation approach, we need to observe input ground motion and seismic response of a target bridge structure, but installing a monitoring system of ground motion and seismic response is expensive, specially, when the target bridge structure occupies several kilometers. As an alternative of the typical validation approach that uses observed data, we are proposing a sequence of models, from low fidelity to high fidelity. Proposed quality assurance process includes two steps of assurance process; local quality assurance process checks the quality of each part individually by considering assigned geometry and material; and global quality assurance process checks the quality of whole target model by considering assigned connection conditions. In each step, consistent low fidelity models such as a mass spring model, a frame element model, etc., are used as a reference, whose quality is more easily examined than a solid element model. We emphasize the necessity for all the models in the sequence to share the same fundamental dynamic characteristics such as natural frequencies and mode shapes. In this study, we assume all connections as tie connection which is the simplest type of connection, because we are unable to model consistent connection between solid and frame element models which we are planning to study in near future.
The authors are proposing meta-modeling theory [5] [6] [7] [8] [9] [10] , which allocates structural mechanics as mathematical approximation of solving a Lagrangian problem of continuum mechanics. In other words, structural mechanics solves the same physical problem of continuum mechanics applying distinct mathematical approximations. Therefore, it is well expected to construct a set of different low fidelity models of the same fundamental dynamic characteristics as a continuum mechanics model, according to the metamodeling theory.
The reduced order modeling (ROM) techniques [11] [12] [13] [14] [15] are also able to develop a set of models with different degree of freedom (DOF). These techniques are completely different from the meta-modeling theory, because these different DOF models are created by applying different mathematical manipulations to a target governing equation of problem. But the metamodeling theory creates consistent different governing equations for each different fidelity model. This paper proposes a method of quality assurance of automated high fidelity model (or solid element model) by employing a set of consistent low fidelity models which share the same fundamental dynamic characteristics as a continuum mechanics model. The target structure is bridge structure. The contents of this paper are as follows. First, the module of automated construction is briefly explained in Sec. 2. In Sec. 3, meta-modeling theory, which constructs a set of models for one structure, is explained; this theory is the basis of constructing a model of assured quality, and its key point is consistency of model. In Sec. 4, proposed quality assurance process is briefly clarified. We carry out numerical experiment to test proposed quality assurance process for six different multi-span automated bridge structure models in Sec. 5. Some concluding remarks are made at the end.
AUTOMATED CONSTRUCTION OF BRIDGE MODEL
There are different formats of digital data sources which can be employed to construct a target bridge structure. Each data source has unique data structure which is suitable for its own special purposes. Construction of a bridge structure needs global and local information of the target bridge structure. The global data include an overall 3D configuration of the target bridge structure and the local data contain a detailed information about each component of the target bridge structure. Both the local and global data of the target bridge structure need to be extracted from each of the data sources and reorganized, so that an analysis model is constructed from this reorganized data. The reorganized data is called ameliorated data; see Fig. 1 .
The most important point of bridge structure modeling is an identification of relation between the global and local data of each data source. This relation can be developed by using pier identification numbers, pier coordinates, or other information of the target bridge structure to which the global and local data are related.
In this study, automated model construction module is introduced to overcome laboriousness of bridge structure modeling, when the number of structures and structural components analyzed is huge. Employing ameliorated data of the target bridge structure, the developed automated model construction module which is able to use two sets of digital data (Auto-CAD and GIS) of the target bridge structure and to construct analysis models for the target bridge structure automatically. A key point is that model could be a solid element model or a frame model. Then an eigenanalysis of the developed solid or frame element model is able to generate a consistent fundamental seismic response analysis model such as a 3 consistent lumped mass model 5) (CLMM) or a consistent mass spring model 7), 10) (CMSM) for the target bridge structure.
META-MODELING THEORY (1) Summary of the meta-modeling theory
In general, continuum and structural mechanics share the same equations for kinematics and dynamics but they have different constitutive relation of strain and stress which creates inconsistency between them. For instance, in bar or beam theory, one dimensional stress-strain relation is used as an isotropic constitutive relation 16) , i.e., = where and are normal stress and strain components in the same direction and is Young's modulus. The material model of structural mechanics fully ignores the effect of Poisson's ration, . The difference in the constitutive relation appears in strain energy densities, as s = 1 2 2 and c = 1 2
where s and c are strain energy density for bar or beam theory and for continuum mechanics, respectively. It is odd that the density is evaluated in a different manner for the same state of strain. The different treatment in the strain energy is expressed in terms of Lagrangian, consisting of kinematic and strain energies, i.e.,
where and are velocity and strain, =̇ and = sym{ } with (⋅) and (⋅)being temporal derivative and gradient, and sym standing for the symmetric part. While = ∫ ⋅ d is common, is different for structural mechanics and continuum mechanics.
Meta-modeling theory 6) introduces another Lagrangian for velocity, strain and stress to overcome this inconsistency of material model, i.e., 
with −1 being the inverse of and : standing for the second order contraction. This ℒ * is equivalent with ℒ, since ∫ ℒ * d = 0 yields = : . It is readily proved that * = ∫ s d when is approximated as of bar or beam is much larger than other components and these components vanish; if such approximations are not made, * = ∫ c d .
The meta-modeling theory uses the equivalent Lagrangian of Eq. (3) and regards modeling as the use of suitable approximated functions of and ; approximations of function is the use of a proper subspace of the entire function space of { , } . The meta-modeling guarantees the consistency of different modelings in this sense, i.e., solving the identical Lagrangian problem of ℒ * , using different mathematical approximations of { , }. It is seen that less approximation results in higher accuracy in solving the Lagrangian problem. 
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(2) Construction of consistent mass spring model based on the meta-modeling theory As the simplest case of modeling, we consider a mass spring system that consists of two mass points. According to the meta-modeling theory, an approximate displacement function for the mass spring system is chosen as of following form:
where is displacement of the α-th mass point and α is the corresponding displacement mode; by definition, α ( β ) = 0 for ≠ or = 1 for = (requirement 1), with α being the location of theth mass point. For simplicity, we substitute of Eq. (5) into ℒ of Eq. (2) rather than ℒ * of Eq. (3), and obtain
where 
This ℒ corresponds to a Lagrangian of the mass spring model that has two masses, 11 and 22 , and two spring constants, 12 and 11 + 12 . We utilize dynamic modes of continuum mechanics model in choosing { α }, so that the mass spring model shares the same dynamic characteristics with the continuum mechanics model. To this end, we use the first two dynamic modes, { α , α }; α is a mode shape and is a natural frequency. Recall that the dynamic mode satisfies
and
for ≠ . If { α } is given as a linear combination of { α }, then, the dynamic characteristics are shared by the mass spring model. That is, α = ∑ αβ α ,
where αβ is a two-by-two matrix which will be determined by satisfying the first requirement.
QUALITY ASSURANCE PROCESS
In general, the quality assurance of an analysis model is a difficult task. As for a model of structural seismic response analysis, the quality assurance makes use of measured data of input ground motion and seismic response of a target real structure. Highest quality is assured while the installation of a monitoring system of ground motion and response is expensive. In principle, it is impossible to assure the highest quality of the analysis model if measured data of ground motion and response are not available. However, even if it is not the highest, we ought to assure the quality of the model to a certain extent.
Based on the above consideration, we are proposing a process of assuring the quality of an automated model for structural seismic response analysis. We emphasize that the quality assured by the proposed process is not the highest. The process is aimed at excluding mistakes and errors which could be made during the automated model construction. More specifically, it is assured that the automated model does not have unrealistic fundamental dynamic characteristics such as natural frequencies and vibration modes. When the automated model happens to have unrealistic fundamental dynamic characteristics, the proposed process provides clues with which the model is improved by changing its parameters.
The proposed process of quality assurance consists of two phases, namely, the local quality assurance and the global quality assurance. An automated model is divided into a few parts, and the local quality assurance checks the assigned geometry and material properties for all the parts by computing their fundamental dynamic characteristics. The global quality assurance checks connection conditions for neighboring parts by computing the fundamental dynamic characteristics of the whole model; see Fig. 2 for a schematic view of the proposed process.
In the both phases, models of low fidelity, which are consistent with the target model of high quality, are used. A key issue is that low fidelity models are constructed by using the target model to share the fundamental dynamic characteristics according to the meta-modeling theory. The number of parameters of the low fidelity model is small, and it is easier to tune the parameters when it has unrealistic fundamental dynamic characteristics. Tuning of the low fidelity model is reflected to tuning of the target model of high fidelity. Some trial analyses are made for both the target model and the low fidelity models. Differences in the computed responses are examined, and a large degree of the difference indicates the presence of mistakes and errors. It should be noted that the low 5 fidelity models have a limited number of natural frequencies and vibration mods, and the difference in the response becomes larger when input ground motion of the trial analyses is richer in high natural frequencies of the model of high fidelity.
In the local quality assurance, geometry assigned for each divided part of the model is checked by volume comparison between the high and low fidelity models. If there is considerable difference, visual inspection is employed to examine the details of the geometry. Material properties are checked by using a model of low fidelity, a CMSM, which has stiffness and mass matrices as parameters. Precisely speaking, one CMSM is constructed from a target model (or a solid element model) and another CMSM is constructed from a frame model which is separately constructed; it is easy to automatically construct a frame model for itself with a set of data which a solid element model is automatically constructed. The comparison of the two CMSMs provides the correct assignment of material properties. If there is any mismatch, detailed examination is made to check the available ameliorated data of the target structure and to correct the model; see Fig. 2 for the flow of local quality assurance.
In the global quality assurance, assigned connection conditions for neighboring parts, such as a deck and a pier, are examined. For instance, we suppose that tie connection, which is the simplest connection condition, is assigned for the deck and pier. Fundamental dynamic characteristics are computed for a target solid element model as well as a frame model which is constructed separately. It should be emphasized that while it is easy to set the tie connection condition for the frame model, we have to set suitable point-wise connection condition for the solid element model; as will be shown later, assigning perfect continuity for point-wise displacement and traction across the connecting part is not sufficient. The comparison of the fundamental dynamic characteristics provides a better treatment of the point-wise connection condition for the solid element model; see Fig. 2 for flow of global quality assurance process.
In the present study, we do not consider material and geometric non-linearity. An example shown in the next section is for a case of linear analysis model. It is straightforward to extend the proposed quality assurance process for a non-linear model. Instantaneous linear response of the model is used for the quality assurance. This process needs a large amount of 
EXAMPLE OF QUALITY ASSURANCE PROCESS (1) Problem setting
Three straight and three curved multi-span bridge structures with different types of pier arrangements are studied in this numerical experiment for the quality assurance process of an automated solid element model; see Figs. 3 and 4 for the configuration and Table 1 for the material properties of the six bridges. The three straight bridge structures are denoted by SC_1 to SC_3, and the three curved bridge structures by CC_1 to CC_3. Common characteristics of the six bridge structures are as follows: 1) continuous deck of the target bridges is allowed to move in the longitudinal direction only; 2) the piers are fixed to the ground at their bases; and 3) tie connection is used between the deck and pier. The ground motion displayed in Fig. 5 is employed for time history analyses of the six bridge structures using the high and low fidelity models. Fig. 6 shows AutoCAD data of piers and deck structures with developed ameliorated data and solid CAD model for SC_1 bridge structure. Appendix A provides the details of the geometric arrangement of each bridge structure. Seismic response in the longitudinal direction is considered.
A CMSM is constructed from the target solid element model of high fidelity; see subsection 3.2 and references 7), 10) . A frame model is separately constructed, and a CMSM is constructed from it. An automated construction module is used to construct the solid element model or the frame model. Table 1 Material data of multi-span bridge models. is constructed by using the first mode, because the effective mass ratio of the first mode is more than 90%, which indicates that sufficient accuracy is expected for the seismic response analysis of this CMSM. The locations of the mass points of the CMSMs is shown in Fig. 3 . 
(2) Results and discussion
The quality assurance process of the solid element model of high fidelity is applied by using the three models of low fidelity for the six bridge structures. First, the results of the local quality assurance is presented. As a typical example, we explain the local quality assurance of SC_2 (a straight bridge), which consists of one deck and seven piers. The deck and piers are separately checked, using the corresponding part of a solid element model and a frame element model; see Table 2 and 3 for results of local quality assurance process of SC_2. Other bridge structures (SC_1, SC_3, CC_1, CC_2 and CC_3) also satisfy the local quality assurance process in this study.
Next, the results of the global quality assurance are presented. As a typical example, we explain the global quality assurance of CC_3 (a curved bridge structure), which has nine connecting parts for the deck and piers. Connecting condition is tie connection. Fundamental dynamic characteristics are computed for the full solid element model and the full frame element model. While details in treating the tie connection are different, the two models of different fidelity show almost similar characteristics up to first a few modes. In particular, the difference in the natural frequencies is less than 3.142 %; the absolute relative difference of (f s − f f )/f s is used where f s and f f are the natural frequency of the solid element and frame models, respectively; see Table 4 for comparison of natural frequencies of full solid and frame element models. Then the first vibration mode of the solid element and frame models is checked by using the CMSMs which are constructed from them; see for Table 5 and 6 for comparison of natural frequencies of CMSMs and solid element models. According to the meta-modeling theory, the consistent models can share the identical fundamental dynamic characteristics. There is a certain discrepancy in the natural frequency between the solid element model and the frame element model, which is due to slightly different treatment of tie connection. We clarify the effects of the different treatment of the tie connection on the vibration mode. Figure 7 shows the distribution of axial strain in the longitudinal direction for SC_2 and CC_3, which have the smallest and largest difference in the first natural frequency. The deck structure of CC_3 generates larger axial strain on the deck, compared with that of SC_2. This indicates stiffer responses of the first mode.
As further quality assurance, we conduct time history analyses of the six bridge structures using the high and low fidelity models, i.e., a solid element model and a frame element model with CMSMs (CMSM for solid element model and CMSM for frame element model). Responses of the CMSMs for solid element model, CMSMs for frame element model and frame models are compared with those of the quality assured solid element model; see Figs. 8, 9 and 10 for the case of SC_2 and CC_3. It is seen that the responses of the CMSMs and frame model match well with those of the quality assured solid element model. Relative errors of the maximum displacement in the longitudinal direction of the each model are presented in Table 7 . As is seen, the maximum error is 4.368% for CMSM for frame element model of the case of CC_1.
CONCLUDING REMARKS
This paper presents a quality assurance process of an automated high fidelity model (or solid element model) by employing consistent low fidelity models. The concept of the consistency is based on the metamodeling theory. The proposed process consists of two phases, local and global quality assurance, in 
Table 5
Natural frequency of multi-span bridge structure (CMSMs of frame element models and solid element models) along longitudinal direction. Table 6 Natural frequency of multi-span bridge structure (CMSMs of solid element models and solid element models) along longitudinal direction Table 4 Natural frequency of multi-span bridge structure (frame and solid element models) along longitudinal direction.
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11 which each part of the target structure and connection of neighboring parts are checked. The proposed process is applied to six multi-span bridge structures. It is shown that the process works successfully, even though the models of different fidelity do not have identical fundamental dynamic characteristics.
Further study is needed to make consistent modeling for connection, which will give us freedom to use any type of connection in the target model with assured quality. We have to emphasize that the assured quality does not have to be highest and that non-linear analysis becomes more significant for the connecting part, compared with other parts of the structure. Meta-modeling is thus required to be extended to the connecting condition and the non-linear analysis. The key issue of non-linear analysis is to find a proper Lagrangian for the nonlinear case. At least, it is straightforward to apply the meta-modeling theory to incremental response of a non-linear elasto-plastic structure. 
APPENDIX A PIER HEIGHT INFOR-MATION OF CONTINUOUS BRIDGE MODELS IN NUMERICAL EXAMPLE
